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Introduction: Human synpolydactyly (SPD), belonging to syndactyly (SD) II, is caused by mutations in
homeobox d13 (HOXD13). Here, we describe the study of a two-generation Chinese family with a variant
form of synpolydactyly.
Materials andmethods: The sequence of theHOXD13 genewas analyzed. Luciferase assayswere conducted to de-
termine whether the mutation affected the function of the HOXD13 protein.
Results:We identiﬁed a novel c.659GNC (p.Gly220Ala)mutation outside the HOXD13 homeodomain responsible
for the disease in this family. This mutation was not found in any of the unaffected family members and healthy
control. Luciferase assays demonstrated that this mutation affected the transcriptional activation ability of
HOXD13 (only approximately 84.7% of wild type, p b 0.05).
Conclusion: Phenotypes displayed by individuals carrying the novel mutation present additional features, such as
the ﬁfth ﬁnger clinodactyly, which is not always associatedwith canonical SPD. Thisﬁnding enhances our under-
standing about the phenotypic spectrum associatedwith HOXD13mutations and advances our understanding of
human limb development.© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-SA license. Introduction
The homeobox-containing (Hox) genes are a group of related genes
that control the body plan of the embryo along the anterior–posterior
(head–tail) axis. They encode a set of highly conserved transcription
factors that play important roles in regional identities along the primary
body and limb axes [1,2]. Hox proteins bind to speciﬁc DNA sequences
via the homeodomain and are thought to regulate overlapping sets of
target genes; however, the molecular pathways controlled by Hox pro-
teins are only starting to beunveiled [3–7]. Expression analysis, targeted
mutagenesis andmisexpression studies inmice and chickens have indi-
cated that the 5′ HoxD genes and their paralogs in the HoxA cluster are
critical for limb development [8].
To date, mutations that cause human limb malformation have
been found in two such genes: HOXD13 in brachydactyly, type D
(OMIM 113200), brachydactyly, type E (OMIM 113300), brachydactyly–uangzhou, China. Fax: +86 20
iaolinliu@hotmail.com (X. Liu).
c. Open access under CC BY-NC-SA licsyndactyly syndrome (OMIM 610713), syndactyly, type V (OMIM
186300), synpolydactyly with foot anomalies (OMIM 186000),
synpolydactyly, type II (OMIM 186000) and VACTERL association
(OMIM 192350) and HOXA13 in hand–foot–genital syndrome (OMIM
140000) and Guttmacher syndrome (OMIM 176305) [9]. Syndactyly is
a condition in which two or more digits are fused together. It is one of
themost frequent congenital limb abnormalities and occurs as an isolat-
ed anomaly or a part of a malformation syndrome [10]. Syndactyly ex-
hibits high inter- and intra-familial clinical variability; even within a
subject, the phenotype can be unilateral or bilateral and symmetrical
or asymmetrical [11]. At least nine non-syndromic syndactylies with
additional sub-types have been characterized, and most of the syndac-
tyly types are inherited as autosomal dominant, but two autosomal re-
cessive and an X-linked recessive entities have also been described [11].
Synpolydactyly (SPD), or syndactyly type II, is deﬁned as a connection
between the middle and ring ﬁngers and 4/5 toes, and it is variably as-
sociated with postaxial polydactyly in the same digits. Minor local
anomalies and various metacarpal or metatarsal abnormalities may be
present [12]. Numerous studies have demonstrated that this type of
syndactyly is caused by mutations in HOXD13.
To further explore the role of HOXD13 in human limb development,
we investigated a two-generation Chinese family with limb malfor-
mations. We report a novel missense mutation within HOXD13 that
substitutes a glycine at position 220 for an alanine (G220A). Phenotypicense. 
Table 1
Primers using for PCR.
Exon Primer ID Sequence
1 HODX-G1F 5′GCGTTCCTACCCCCACGTGGC3′
HODX-G1R 5′AGGCACAACTCCCACTCCCAAGTA3′
2 HODX-G2F 5′CTCTGCGTGCCCTTTCCTTGGG3′
HODX-G2R 5′GTCAGGTTGGGCAGCAGAAGGTTTT3′
Table 2
Primers used for site-directed mutagenesis and plasmids construction.
Primer
ID
Sequences
HOXD13 G220A
mutant
G220A-F 5′CTACATCTCCATGGAGGGGTACCAGTC3′
G220A-R 5′GACTGGTACCCCTCCATGGAGATGTAG3′
HOXD13 I314L
mutant
I314L-F 5′GACAAGTGACCCTTTGGTTTCAGAACCGAAG3′
I314L-R 5′CTTCGGTTCTGAAACCAAAGGGTCACTTGTC3′
EPHA7 Promoter EPHA7-F 5′AGACTTCCTTTCCCACTCCC3′
EPHA7-R 5′CGCGGATCCTGTTCGCTCGCACCGT3′
HOXD13 expression
plasmid
HOXD-F 5′AAGCTTATGAGCCGCGCCGGGA3′
HOXD-R 5′GAATTCTCAGGAGACAGTATCTTTGAGCTTGG3′
238 X. Zhou et al. / Bone 57 (2013) 237–241study showed that it was a variant form of a milder SPD phenotype
among affected family members. We also characterized the effects of
this mutation and found that the c.659GNC (p.Gly220Ala) mutation
may reduce the transcriptional activity of HOXD13 and thereby affect
human limb development.
Materials and methods
Patients
Venous blood samples were collected from unaffected (n = 8) and
affected individuals (n = 5) in this family (n = 13). An additional
unrelated 100 healthy individuals were used as controls. After informed
consent and approval from the local ethics committee, genomic DNA
was isolated from venous blood samples using standard methods. Digi-
tal images of both hands and feet of the proband and his father were
taken using Canon EOS 7D (Canon, Tokyo, Japan).
Mutational analysis
Two exons and splice sites of HOXD13were ampliﬁed by polymerase
chain reaction (PCR) using three pairs of previously described gene-
speciﬁc primers [13] (Table 1). The ampliﬁed fragments were sequenced
using an ABI3730XL automated sequencer (Applied Biosystems, Foster
City, CA, USA). The mutated base was analyzed in the family and 100
unrelated healthy controls.
Site-directed mutagenesis and plasmid construction
Human HOXD13 open reading frame (ORF) cDNA was obtained
from GeneChem (Guangzhou, China). Site-directed mutagenesis was
performed with appropriate primers to generate HOXD13 carrying the
c.659GNC (p.Gly220Ala) or the c.940ANC (p.Ile314Leu) mutation,
which was well studied and widely used as a control [14,15], using
the QuickChange Lightning Site-Directed Mutagenesis kit (Stratagene,Fig. 1. A novel missense mutation in HOXD13 causes a variant form of SPD. (A) Family pedigree
symbols indicated affected individuals, open symbols are unaffected individuals. The proband
(palms up) of the proband showing webbing of the 3/4 ﬁngers in both hands, clinodactyly in
(C)The SPD is associated with a point mutation at position 659 of the HOXD13 coding sequence
and consequence of the missense mutation c.659GNC (p.Gly220Ala) in the proband. (D) Clusta
lutionary conservation of the glycine residue in position 220 (highlighted in red). Accession n
XP_525967.2; XP_001926062.1; NP_032301.2; NP_001099356.1; AAW66480.1; NP_990765.1;La Jolla, CA, USA). The speciﬁc base changes were veriﬁed by DNA
sequencing.
The ORFs of wild-type and mutant HOXD13 were ampliﬁed by PCR
and cloned into a HindIII- and EcoRI-digested pcDNA3.1 (+) vector
(Invitrogen, Carlsbad, CA, USA) to create the expression plasmid
pcDNA3.1-HOXD13. The human EPHA7 promoter of 660 bp (from
−580 to +80), which contains a HOXD13-binding site, was ampliﬁed
from human genomic DNA by PCR and inserted into the BglII and KpnI
sites of a pGL3-basic vector (Promega, Madison, WI, USA) to generate a
pGL3-EPHA7 reporter construct. All the clones were conﬁrmed by se-
quencing. The PCR primers used formutagenesis and plasmid construc-
tion are shown in Table 2.Luciferase assays
293T cells were cultured in Iscove's modiﬁed Dulbecco's medium
supplemented with 10% fetal bovine serum, 100 mg/mL penicillin and
100 mg/mL streptomycin. Cells were seeded in 24-well tissue culture
plates 24 h prior to transfection at approximately 60% conﬂuence.
Transfection was performed using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's instructions.
HOXD13 expression constructs (wild type and mutants) or a pcDNA3.1
empty vector was cotransfected with the pGL3-EPHA7 reporter con-
struct. The Renilla luciferase control plasmid pREP7-RLuc was also
cotransfected in each well for normalization. At 30 h after transfection,
the cells werewashed, lysed and assayed forﬁreﬂy and Renilla luciferase
expression using the Dual Luciferase Reporter Assay System (Promega).
Relative luciferase activities were calculated as folds of ﬁreﬂy compared
with Renilla.Statistical analysis
The values represent the means of three independent experiments
performed in triplicate, and the bars in ﬁgures denote the S.D. Student's
t test was used to test for the statistical signiﬁcance of differences
between means of unpaired samples. All the results were subjected
to statistical analysis using SPSS 11.5 software for Windows (student
version). Statistically signiﬁcant values were deﬁned as P b 0.05.Results
Clinical report
We investigated a Han Chinese family with distinctive SPD pheno-
types (Fig. 1A). There were six affected individuals in three generations
of the family and one individual (I-2) had been deceased. Digital images
of the proband and one of the affected individual were taken. The pro-
band was a 15-year-old boy. SPD and clinodactyly of the ﬁfth ﬁnger
were noted at both hands at birth. The ﬁgures demonstrate the bilateral
complete webbing of the third and fourth ﬁngers (Fig. 1B). There is bi-
lateral clinodactyly of the ﬁfth ﬁnger in both hands. His feet were nor-
mal, and no other abnormalities were noted. Further investigation of
this family revealed fourmore affected subjects. The detailed phonotype
of the affected individuals can be seen in Table 3. Apart from SPD and
clinodactyly, no other abnormality was noted.of a three generation Chinese family. Squares aremales and circles are females. Blackened
(III:2) is underlined. (B) photographs of individuals, III:2 and II:3. Photographs of hands
the ﬁfth ﬁnger of both hands. No abnormalities were observed in his father (right panel).
that causes a G220A substitution. Genomic DNA sequencing demonstrating the presence
lX alignment of a portion of the HOXD13 protein in 13 different species showing the evo-
umbers of the proteins (in the same order as they appear in the ﬁgure) are: AAC51635.1;
BAE78770.1; AAQ092345.1; AAH80434.1; AAF44637.1; ABK60305.1; and ABI34476.1.
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Direct HOXD13 sequencing revealed a heterozygous G-to-C transi-
tion in exon 1 at position 659 of the coding sequence in all the affectedpeople of this family. This base change converted amino acid 220 from
glycine to alanine. The same base change was not found in any of the
other unaffected family members and in 100 unrelated healthy control
subjects (Fig. 1C). The G220A mutation is located in 48 amino acids
Table 3
Clinical symptoms.
Patient Age Sex Phenotype
Right hand Left hand Right foot Left foot
A(II:2) 45 Male 3/4 ﬁnger webbing, 5th ﬁnger clinodactyly 3/4ﬁnger webbing, 5th ﬁnger clinodactyly Normal Normal
B(II:4) 41 Female 3/4 ﬁnger webbing, 5th ﬁnger clinodactyly 3/4 ﬁnger webbing, 5th ﬁnger clinodactyly Normal Normal
C(II:7) 33 Male 3/4 ﬁnger webbing, 5th ﬁnger clinodactyly 3/4ﬁnger webbing, 5th ﬁnger clinodactyly Normal Normal
D(III:4) 7 Female 2/3/4 ﬁnger webbing, 2/3/4ﬁnger webbing, Normal Normal
240 X. Zhou et al. / Bone 57 (2013) 237–241N-terminal to the homeodomain within a region of the protein that has
been poorly studied in previous researches [16]. However, an alignment
of HOXD13 protein sequences showed that this position is highly con-
served among many different species (Fig. 1D). Thus, this amino acid
appears to play an important role in the structure and function of the
HOXD13 protein.
Functional analysis
Luciferase assays were performed to determine whether the muta-
tion affected the capability of HOXD13 protein to activate transcription.
The luciferase reporter construct pGL3-EPHA7 was tested. A c.659GNC
(p.Gly220Ala) mutant that converts a glycine to alanine was examined.
Additional mutants were also tested, and c.940ANC (p.Ile314Leu), which
had shown to affect transcription activation ability, was used as a positive
control. The results are shown in Fig. 2.Wild-type HOXD13 enhanced the
activities of the reporters. However, the c.940ANC (p.Ile314Leu) mutant
displayed reduced expression activation, as described previously [17].
The c.659GNC (p.Gly220Ala)mutant also showeddiminished stimulation
compared with the wild-type control (only approximately 84.7% of wild
type p b 0.05). Thus, our results show that the c.659GNC (p.Gly220Ala)
mutation affected the capacity of HOXD13 to activate transcription.
Discussion
In this work, we report the identiﬁcation and analysis of a novel
missense mutation involving amino acid 220 of HOXD13 that results
in a variant form of SPD. This mutation represents the substitution of
glycine located outside of the HOXD13 homeodomain that causes
malformations of the limb [18]. SPD, or syndactyly type II, is deﬁned
as a connection between the middle and ring ﬁngers and 4/5 toes, and
it is variably associated with postaxial polydactyly in the same digits.
The malformation reported in this work presents only some of the
canonical features of SPD observed in patients carrying polyalanine
tract expansions and frameshifting deletions in the HOXD13 protein
[19]. The proband showed bilateral webbing of the 3/4 ﬁngers and
clinodactyly of the ﬁfth ﬁnger in both hands, but lacked the typical 4/5Fig. 2. The mutation G220A affects the transcription regulating functions of HOXD13.
Luciferase activity assayed in cell extracts of 293T cells, transiently transfectedwith equiv-
alent amounts of the pcDNA3.1 empty vector or HOXD13 expression constructs (wild
type and mutant) together with pGL3-EPHA7 reporter construct containing the HOXD13
binding site of EPHA7 promoter. The signiﬁcance of differences was calculated using the
independent-sample T test. ***, p b 0.001 versus pcDNA3.1 empty vector. #, p b 0.05;
## p b 0.01 versus wild-type.toe webbing. Although clinodactyly has already been established as a
feature of synpolydactyly at the milder end of its phenotypic spectrum
[19]. Little has been reported about this phenotype in Chinese family.
Thus, in addition to hallmarks of ‘classical’ SPD, the phenotype displayed
by individuals carrying the G220A mutation presents also additional
features, such as the ﬁfth ﬁnger clinodactyly, that are not always associ-
ated with canonical SPD in Chinese family.
A number of different mutations in the HOXD13 gene have been
shown to cause SPD in human. These include various degrees of
polyalanine expansions, which cause ‘classical’ SPD [20,21], and
frameshifting deletions, which are predicted to result in non-functional
truncated proteins, lacking the homeodomain, that cause atypical forms
of SPD [22]. Most of the mutations were located in the homeodomain of
HOXD13, and little is known about the regions outside the homeodomain
[23]. As in the case of many HOX proteins, the regions other than the
homeodomain are poorly characterized as to their function.
This mutation found in this family caused a c.659GNC transition in
exon 1 of HOXD13, resulting in the p.Gly220Ala change. The G220Amu-
tation represents the substitution of a structurally versatile amino acid
(glycine) with a hydrophobic amino acid (alanine). The introduction
of a hydrophobic amino acid in a protein is likely to produce structural
alterations, leading to the exposure of regions that are buried in the na-
tive state, thus possibly causing aggregation and the subsequent degra-
dation of the protein [24]. Also this residue is highly conserved among
different species (Fig. 1). The high evolutionary conservation of this gly-
cine residue indicates that it may play a relevant structural role within a
functional domain of the HOXD13 protein.
As previously reported, a large region of the HOXD13 protein
N-terminal to the homeodomain can be divided into two portions
that retain transcriptional activation capability. Residue 220 lies in one
of these regions, which spans amino acids 131–267 [23]. The c.659GNC
(p.Gly220Ala) mutant showed less reduced transcription activation
ability compared with c.940ANC (p.Ile314Leu), which could partly ex-
plain the mild phonotype of this family. In our data, the c.940ANC
(p.Ile314Leu)mutant showed 22% reduced transcription activation abil-
ity compared with the wild type, which was concurrent with a previous
report [9]. This result suggested that our assay was valid.
A G220V missense mutation in HOXD13 was reported by Fantini
et al. for a Greek family with SPD, which caused different phenotypes
from the one reported here [23]. In Greek family, the proband showed
webbing of the 3/4 ﬁngers, clinodactyly of the right ﬁfth ﬁnger and
camptodactyly of the left ﬁfth ﬁnger. No ﬁnger webbing was found in
his left hand. The main malformation in our family was the bilateral
syndactyly of the 3/4 ﬁngers and bilateral ﬁfth ﬁnger clinodactyly.
This phenotypic distinction might arise from the different impacts be-
tween valine and alanine on the stability of the protein structure or its
binding afﬁnity to the DNA recognition elements. Alternatively, some
unidentiﬁed genetic factor might correlate with HOXD13 mutations,
resulting in different phenotypes.
In summary, based on this Chinese family with distinct clinical fea-
tures characterized bymildermanifestationswith bilateral clinodactyly,
it is useful for clinicians to further understand SPD according to these
ﬁndings. The novel mutation c.659GNC (p.Gly220Ala) accounted for
the clinical phenotype. Thismutation located outside the homeodomain
of HOXD13, wheremutation has been rarely reported. A loss of function
was predicted for this mutation, so functional analysis was conducted.
241X. Zhou et al. / Bone 57 (2013) 237–241The results showed that thismutation caused a 16% reduction in activat-
ing transcription. Further studies are needed to explore the detailed
mechanisms.
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